Abstract Lymphatic malformations (LM) are characterized by abnormal formation of lymphatic vessels and tissue overgrowth. The lymphatic vessels present in LM lesions may become blocked and enlarged as lymphatic fluid collects, forming a mass or cyst. Lesions are typically diagnosed during childhood and are often disfiguring and life threatening. Available treatments consist of sclerotherapy, surgical removal and therapies to diminish complications. We isolated lymphatic endothelial cells (LM-LEC) from a surgically removed microcystic LM lesion. LM-LEC and normal human dermal-LEC (HD-LEC) expressed endothelial (CD31, VE-Cadherin) as well as lymphatic endothelial (Podoplanin, PROX1, LYVE1)-specific markers. Targeted gene sequencing analysis in patient-derived LM-LEC revealed the presence of two mutations in class I phosphoinositide 3-kinases (PI3K) genes. One is an inherited, premature stop codon in the PI3K regulatory subunit PIK3R3. The second is a somatic missense mutation in the PI3K catalytic subunit PIK3CA; this mutation has been found in association with overgrowth syndromes and cancer growth. LM-LEC exhibited angiogenic properties: both cellular proliferation and sprouting in collagen were significantly increased compared with HD-LEC. AKT-Thr308 was constitutively hyper-phosphorylated in LM-LEC. Treatment of LM-LEC with PI3-Kinase inhibitors Wortmannin and LY294 decreased cellular proliferation and prevented the phosphorylation of AKT-Thr308 in both HD-LEC and LM-LEC. Treatment with the mTOR inhibitor rapamycin also diminished cellular proliferation, sprouting and AKT phosphorylation, but only in LM-LEC. Our results implicate disrupted PI3K-AKT signaling in LEC isolated from a human lymphatic malformation lesion.
Introduction
The lymphatic system plays an essential role in fluid homeostasis, fat absorption and immune surveillance. During development, lymphatic vessels originate from a subset of Prox1? endothelial cells located on the dorsal side of the cardinal vein, around mouse embryonic day E9.5 [1] [2] [3] . The Prox1? endothelial cells form primary lymph sacs, and from these structures, lymphatic vessels subsequently sprout in a process known as lymphangiogenesis.
Lymphatic malformations (LMs), also called lymphangioma or cystic hygroma, are composed of malformed, low-flow lymphatic channels [4] [5] [6] [7] . LMs are regarded as a developmental defect because of their early onset; they are evident at birth or become evident in early childhood [8] . LMs tend to expand during adolescence, and the lesions can affect vital organs, destroy bones, contribute to infections and cause disfigurement. The most common treatments are sclerotherapy for macrocystic (deep) LMs and surgical resection for microcystic (superficial) LMs. Lesions often recur after treatment [9] [10] [11] .
LMs occur sporadically suggesting somatic mutations may be involved, but to date, no causative mutation has been reported [12] . Class I phosphoinositide 3-kinases (PI3Ks) are critical regulators of cell proliferation that act upon stimulation of upstream receptors by a growth factor or hormone. Class I PI3Ks are heterodimeric molecules composed of a catalytic subunit (p110a, b, c and d) combined with a regulatory subunit (p85a, p55a, p50a, p85b and p55c) [13] . Upon stimulation, PI3Ks convert phosphatidylinositol-4,5-biphosphate (PIP 2 ) to phosphatidylinositol-3,4,5-triphosphate (PIP 3 ) [14] leading to activation of the PH-domain containing serine-threonine kinase known as AKT. AKT phosphorylation is induced by PIP 3 -dependent kinase 1 (PDK1) and is responsible for a variety of cellular activities such as cell proliferation, survival and cell cycle entry [15] .
PIK3CA, encoding the PI3K catalytic subunit p110a, is one of the most frequently mutated genes in human cancer [16, 17] . Dominant activating mutations of PIK3CA have been identified in glioblastoma, breast, lung and colon cancer [16, 18] . The most frequent PIK3CA mutations reported are H1047R, E542K and E545K, and all of them stimulate kinase activity and exert oncogenic activity [19] . A somatic activating PIK3CA mutation, H1047L, was also identified in congenital lipomatous overgrowth, vascular malformations, epidermal nevis, spinal/skeletal anomalies/ scoliosis (CLOVES) syndrome, a rare congenital disorder characterized by tissue overgrowth in extremities, vascular malformations and skin abnormalities [20] . PIK3CA mutations were also detected in infiltrating lipomatosis [21] and in megalencephaly-capillary malformation (MCAP) syndrome [22] .
Mutations in the PI3K regulatory subunit genes are also found in tumor samples. PIK3R1 (p85a) mutations were detected in glioblastoma, colorectal, breast and pancreatic tumor samples. Mutations in PIK3R2 (p85b) and PIK3R3 (p55c) are rare [23] . PIK3R1 and PIK3R2 have also been implicated in lymphatic development in mice and dysregulated overgrowth in humans, respectively [22, 24] . PIK3R3 function is not well understood, although it is thought to contribute to the growth of highly aggressive glioblastomas by mediating IGF2 receptor signaling to PI3K [25] .
Here we show the angiogenic phenotype of lymphatic endothelial cells isolated from a patient-derived microcystic lymphatic malformation lesion (LM-LEC). We identified two mutations in these LM-LECs-a somatic mutation in the PI3K catalytic subunit PIK3CA and a germline mutation in the regulatory subunit PIK3R3. LMLECs exhibited increased cell proliferation and AKT activation compared with human dermal lymphatic endothelial cells (HD-LEC). The PI3K inhibitors LY294 and Wortmannin inhibited cell proliferation and AKT activation in both HD-and LM-LEC and prevented sprouting from LM-LEC-derived spheroids. Of note, the mTOR inhibitor rapamycin decreased LM-LEC proliferation, sprouting and activation of AKT, while no effect was noted on HD-LEC.
Results

Isolation and characterization of lymphatic malformation endothelial cells (LM-LEC)
LM-LECs were isolated from surgically resected microcystic LM tissue by sequential anti-CD31 immuno-magnetic beads and anti-Podoplanin antibody selection. CD31?/Podoplanin? LM-LECs displayed cobblestone morphology typical of endothelial cells although the size of the LM-LECs appeared smaller than the control human dermal lymphatic endothelial cells (HD-LEC; Fig. 1a ). Blood and lymphatic endothelial markers were assessed in LM-LECs, in comparison with HD-LECs, human umbilical vein endothelial cells (HUVEC) and cord blood-derived endothelial colony forming cells (cbECFC; Fig. 1b) . LM-LEC monolayers stained for blood and lymphatic endothelial markers CD31, VE-Cadherin and COUPTFII, and for lymphatic endothelial markers Podoplanin, PROX1 and LYVE1 and were negative for the fibroblast and smooth muscle markers CD90 and a-smooth muscle actin (a-SMA), respectively. Expression of COUP-TFII, Podoplanin, PROX1 and LYVE1 mRNA was confirmed by realtime qPCR in both LM-LEC and HD-LEC, with HUVECs shown for comparison (Fig. 1c) .
Germline and somatic PIK3 mutations in LM-LEC Targeted sequencing of a set of ten genes in the PI3K pathway (AKT1, AKT2, AKT3, PIK3CA, PIK3CB, PIK3CG, PIK3R1, PIK3R2, PIK3R3, PTEN) was performed in the LM-LECs (CD31?/Podoplanin? LM cells) and returned 169,290 unique reads. Of these, 72,205 reads (49 %) aligned to the genes included in the capture. The sample had [100X coverage across 67 % of the bases captured. In LM-LECs, two mutations were identified in two different genes of the PI3K pathway: c.2140A [ T (p.His1047Leu, H1047L) mutation in the PIK3CA gene and c.925C [ T (p.Arg309STOP, R309STOP) mutation in the PIK3R3 gene. The mutation in PIK3CA was seen in nine out of 19 reads (47 % variant), and the mutation in PIK3R3 was seen in 126 out of 248 reads (51 % variant). LM-LECs and CD31-cells isolated from the same LM patient were then tested for these two mutations by Sanger sequencing. Both the PIK3CA and the PIK3R3 mutations were seen in the LM-LEC. In contrast, in the LM nonendothelial CD31-cells, only the PIK3R3 mutation was seen, confirming that the PIK3CA mutation was somatic, whereas the PIK3R3 mutation was inherited (Fig. 2a) . In both cell types, the PIK3R3 mutation appeared to be heterozygous. PIK3CA mutation in LM-LEC appeared to be heterozygous as well. DNA samples were obtained from the mother, father and sibling of the patient. Sanger sequencing for both mutations showed that only the affected family member had the PIK3CA mutation, but both the mother and the sibling had the heterozygous change in PIK3R3 (Fig. 2b) , suggesting that the PIK3CA mutation was somatic, whereas the PIK3R3 mutation was inherited.
To confirm that both mutations were present in the patient tissue and were not a result of an advantageous mutation that arose during cell culture, DNA was extracted from LM tissue that had been frozen immediately after surgical removal. Sanger sequencing confirmed the presence of both PIK3CA and PIK3R3 mutations. Furthermore, DNA subcloning and subsequent colony digestion with specific restriction enzymes showed the PIK3R3 mutation with an allelic frequency of 31/48 (65 %) (the mutation creates a site for the restriction enzyme BspCNI) and the PIK3CA mutation with an allelic frequency 2/48 (4 %) (the mutation removes a site for BsaBI; Fig. 2c ). The lower frequency of PIK3CA mutation in the DNA from the frozen tissue is not surprising as no sorting was performed, and the relative abundance of endothelial cells is much lower compared with non-endothelial cell types that do not contain the mutation.
Pro-angiogenic properties of LM-LEC Next, we analyzed the angiogenic properties of LM-LEC versus HD-LEC. LM-LECs proliferated faster than HD-LEC when cultured either in growth (EGM2/20 %FBS), starvation (EBM2/no growth factors/10 %FBS) and serumfree (EBM2/no growth factors/no FBS) media (Fig. 3a) . HD-LECs sprouted only in the presence of 250 ng/ml of VEGF-C, when re-suspended in 3-dimensional collagen gels as spheroids (Fig. 3b) . In contrast, LM-LEC extended tubular structures in the presence or absence of the lymphangiogenic factor VEGF-C.
We next analyzed the activation status of AKT, a critical downstream target of PI3K and mediator of angiogenic signals. LM-LEC showed strong upregulation (2.7 fold) of phospho-AKT-Thr308 (P-AKT) compared with HD-LEC (Fig. 3c) , while levels of the MAP kinase phospho-ERK (P-ERK) were similar. Furthermore, real-time qPCR analysis of the lymphangiogenesis factors VEGF-C and VEGF-D in LM-LEC revealed a 1.5-and twofold upregulation of gene expression compared with HD-LEC (Fig. 3d) . VEGFR-3 and Neuropilin-2 (NRP2) mRNA levels in LM-LEC were higher than HD-LEC, and VEG-FR-3 and NRP2 protein expression in LM-LEC were 2.6 and 11.7 times higher than HD-LEC, respectively (Fig. 3e) .
Thus, these results demonstrate that LM-LECs exhibited increased AKT activation and increased expression of . Cell count at 24 h after seeding was set to 100 % to normalize for differences in initial adherence to the well. Data expressed as mean ± SDM. b Sprouting assay with HD-LEC and LM-LEC spheroids in collagen gel, after 16 h in the absence or presence of VEGF-C 250 ng/ ml. Scale bar 500 lm. c Immunoblot of HD-LEC and LM-LEC for phosphoAKT (P-AKT) Thr308, P-ERK, and relative total AKT and total ERK. Values are normalized ratios P-AKT/AKT and P-ERK/ ERK band intensities. Tubulin serves as loading control. d mRNA expression levels, normalized to GAPDH, for VEGF-C and VEGF-D, in HD-LEC and LM-LEC, measured by real-time qPCR. Data expressed as mean ± SDM, *p \ 0.01. e Immunoblot of HD-LEC and LM-LEC for VEGFR-3, NRP2 and the endothelial marker VECadherin. Values are ratios VEGFR-3/Tubulin NRP2/ Tubulin and VE-Cadherin/ Tubulin band intensities. Tubulin is loading control lymphangiogenesis factors and receptors, which could explain the enhanced pro-angiogenic activities compared with HD-LEC.
PI3K inhibitors and rapamycin prevent the proangiogenic phenotype of LM-LEC
To determine whether inhibition of PI3K pathway would inhibit the pro-angiogenic activities of LM-LEC, we assessed the effects of the PI3K inhibitors LY294 and Wortmannin on LM-LEC proliferation, spheroid sprouting and AKT phosphorylation (Fig. 4) . We also assessed the effect of the mTOR inhibitor rapamycin since it has been reported that rapamycin suppresses lymphangiogenesis and lymphatic metastasis in mice and zebrafish [26] [27] [28] [29] . LM-LEC proliferation was significantly (p \ 0.05) decreased in response to 48-h treatment with rapamycin, LY294, and Wortmannin 10 lM (Fig. 4a) . In contrast, HD-LEC proliferation was affected by LY294 and Wortmannin 10 lM treatment, but not by rapamycin. In a second angiogenesis assay, LM-LEC formed sprouts from spheroids in collagen gels. Each drug caused a significant (p \ 0.05) reduction of LM-LEC spheroid sprout number. At the highest concentration tested, rapamycin reduced the number of sprouts by 30.5 %, LY294 by 78.1 % and Wortmannin by 94.5 % (Fig. 4b) .
Phosphorylation of AKT-Thr308 was significantly lower after LM-LECs treatment for 48 h with rapamycin, LY294 and Wortmannin (Fig. 4c) . Conversely, in HD-LEC, the levels of phospho-AKT-Thr308 were affected by the PI3K inhibitors LY294 and Wortmannin, but not by rapamycin. Of interest, in response to LY294, phospho-ERK expression increased in both LM-and HD-LEC; this increased ERK activation was previously shown in HUVECs with RAF1S 259A -induced impaired AKT signaling [30, 31] .
Discussion
Here we identify two mutations in PI3K pathway genes in LEC from a lymphatic malformation lesion (LM-LEC).
Our analyses of the pro-angiogenic properties and the response to specific inhibitors of the patient-derived LM-LEC suggest a role for PIK3 mutations and AKT hyperactivation in lymphatic malformation development. Inhibitors of PI3K and mTOR pathways can diminish AKT phosphorylation and suppress cell proliferation and sprouting in LM-LECs carrying PIK3 mutations. Lymphatic malformations (LM) are vascular lesions composed of dilated lymphatic channels often disconnected from the normal lymphatic system [32] .
Lymphatic vessels develop in the embryo from a subset of Prox1? endothelial cells that, in response to VEGF-C, form lymph sacs that transiently fill with blood until separation from the cardinal vein and formation of lymphovenous valves [2, 3, 33, 34] . LMs are a result of a congenital/early defect in the development of the lymphatic system, possibly caused by incomplete maturation of the Prox1? endothelial cells or migration of a small subpopulation of the Prox1? cells to the incorrect site. In LMs, dilated channels are filled with lymphatic and blood fluids [35] , suggesting there could be an incomplete separation from the blood circulation.
Recently, Turner and colleagues proposed that integrin a5b1 in Prox1?/Pdgfrb? LEC is required for lymphovenous valve formation, enabling correct lymphatic blood vessel separation. In fact, Itga5
Pdgfrb-cre mice embryos show blood-filled hyperplastic lymphatic vessels, reminiscent of LMs. Integrin a5b1 is required for VEGFR-3 activation [36] ; therefore, disruption of the VEGFR-3 signaling is likely to be responsible for defects in the formation of the lymphatic system. VEGFR-3 cooperates with NRP2 to promote lymphatic vessel development and sprouting [37, 38] . In our study, we show that LM-LEC overexpress NRP2 and VEGFR-3 and the VEGFR-3 ligands VEGF-C and VEGF-D. These findings suggest that LM-LECs have a pro-lymphangiogenic phenotype; similarly, VEGFR-3/NRP2 overexpression has been described in a subset of vascular malformation ECs [39] . VEGFR-3 signaling can activate the PI3K/AKT pathway [40] , and this signaling cascade has been shown to be critical for lymphatic development in mice [41] and for LEC migration in vitro [42] . Whether and to what extent VEGFR-3 and NRP-2 interact with the mutant PIK3R3 and PIK3CA polypeptide products was not addressed in this study.
Germline mutations in VEGFR3 and in genes of the VEGFR-3 signaling pathway are involved in familial lymphatic abnormalities such as primary lymphedema, a defect of lymphatic drainage (for which mutations in VEGF-C, VEGFR3, FOXC2, SOX18, CCBE1, PTPN14 and NEMO have been identified) [43] [44] [45] [46] [47] . These were not among the 10 PI3K pathway genes that were sequenced in this study; therefore, we cannot rule in or rule out mutations in these genes in the LM-LECs.
LMs are non-familial sporadic lesions; therefore, it has been postulated [32] that somatic mutations restricted to the cells in the affected area are the cause for LM. In the LM tissue from one patient, we detected mutations in PIK3R3 and PIK3CA, two genes that are part of the PI3K signaling pathway. The PIK3R3 mutation is a germline mutation as it was also detected in the mother and sibling, and it is present in all of the cells of the LM patient. The PIK3CA mutation is a somatic mutation: It was detected at low allelic frequency in the LM tissue, but at *50 % in the LM-LEC, indicating likely heterozygosity. Concurrent with our study, PIK3CA somatic mutations have been Fig. 4 Effect of PI3K inhibitors and rapamycin on the proangiogenic properties of LM-LEC. a Cell proliferation evaluated at 24 and 48 h for HD-LEC and LM-LEC treated with rapamycin (1, 10 nM), LY294 (50, 100 lM) and Wortmannin (1, 10 lM). Cells were grown in EBM2/ 10 %FBS. DMSO treatment is the control. Data expressed as mean. b HD-LEC and LM-LEC spheroids in collagen gels, after 16-h treatment with EBM2, or EBM2 containing DMSO, rapamycin (1, 10 nM), LY294 (50, 100 lM) and Wortmannin (1, 10 lM). Graph illustrates quantification of EC sprouts from the spheroids, expressed in % relative to EBM2 alone. Data expressed as mean ± SEM. *p B 0.001. Scale bar 500 lm. c Immunoblot of HD-LEC and LM-LEC for phosphoAKT (P-AKT) Thr308, P-ERK, and relative total AKT and ERK. Cells were treated, for 48 h with rapamycin (1, 10 nM), LY294 (50, 100 lM) and Wortmannin (1, 10 lM). Values are normalized ratios P-AKT/AKT and P-ERK/ERK band intensities identified in a subset of vascular anomalies associated with/ comprised of a lymphatic malformation [48] .
The PIK3R3 germline mutation detected in the LM patient is a p.R309stop, which would cause premature truncation of the polypeptide and potentially non-sensemediated decay of the mRNA. Therefore, the p.R309stop may be a loss of function mutation. To date, there is no report of a PIK3R3 knock-out mouse model, and thus, the role of PIK3R3 during development remains elusive. It is possible that, in subjects with only the germline PIK3R3 mutation, genes encoding for other PI3K regulatory subunits (PIK3R1 and PIK3R2) could compensate for the loss of PI3KR3 function, and thus, another mutation in the PIK3 pathway is required for LM to develop. Indeed, it has been shown that Pik3r1 is essential for embryonic lymphangiogenesis, and its targeted deletion impairs lymphatic sprouting and maturation in the gut and diaphragm [24] .
PIK3CA encodes for the p110a catalytic subunit and is expressed ubiquitously in cells throughout the body. PIK3CA somatic mutations, detected in a wide array of cancers [16, 17] , have also been found in association with overgrowth syndromes with a lymphatic or vascular malformation component, such as CLOVES (Congenital Lipomatous asymmetric Overgrowth of the trunk, lymphatic, capillary, venous and combined-type Vascular malformations, Epidermal nevi, Skeletal and spinal anomalies) [20] , MCAP (MegaencephalyCApillary Malformation syndrome) and FH (Fibroadipose Hyperplasia), respectively [49] . Mutations in some of the PI3K-AKT pathway genes that we sequenced in the LMLECs, such as PTEN, AKT1, AKT2 and AKT3, have been implicated in other overgrowth syndromes [50] [51] [52] .
Although LMs are considered a vascular malformation, some investigators regard LMs as a benign neoplasm [53] since LM-LEC have high proliferative potential and can form LM-like lesions when injected into mice [54] . The LM-LEC isolated herein, with the PIK3CA p.H1047L and PIK3R3 p.R309stop mutations, exhibit high cellular proliferative and sprouting potential, as well as increased AKT phosphorylation. The PI3K inhibitors Wortmannin and LY294 impaired cellular proliferation and sprouting and prevented AKT phosphorylation in LM-LECs. These inhibitors also strongly reduced cellular proliferation and AKT activation in normal HD-LEC. Interestingly, strong phospho-ATK inhibition, caused by LY294, increased phospho-ERK levels in both HD-LEC and LM-LEC. Signaling through the ERK pathway was recently shown to be essential for LEC fate specification [55] ; when phospho-AKT is ablated, ERK signaling is increased, inducing Sox18 and Prox1 expression and subsequent lymphangiectasia. This suggests that excessive ERK signaling can also be detrimental for the lymphatic system development.
PI3K inhibitors are currently being tested in clinical trials; however, only the p110d-selective inhibitor (GS-1101/Idelalisib) has been approved by the FDA for the treatment of relapsed chronic lymphocytic leukemia (CLL) [56] . The mTOR inhibitor rapamycin, compared with the PI3K inhibitors we tested, had a milder effect on reducing AKT phosphorylation, proliferation and sprouting of LM-LEC, but interestingly, in this study, it had no effect on normal HD-LEC. Rapamycin was shown to prevent lymphangiogenesis in a head and neck squamous carcinoma murine model and during wound healing [27] [28] [29] . In fact, one of the targets of rapamycin in LEC is VEGFR-3 expression [57] . A retrospective evaluation of rapamycin effects in 6 patients with life-threatening vascular anomalies showed it is effective and safe [58] . Furthermore, a clinical trial for the rapamycin treatment of complicated vascular anomalies, including microcystic lymphatic malformations, is ongoing (NCT00975819).
In summary, we demonstrate that mutations in PIK3 can be associated with LMs, and that pharmacological therapies targeting the increased AKT phosphorylation observed in LEC isolated from LMs lesions may be considered, alone or in combination, for the treatment of LMs. Further studies are needed to determine whether our results from one LM sample can be generalized to other LM tissues with the PIK3CA mutation we identified or other PIK3CA activating mutations. In addition, the contribution of the PIK3R3 mutation to the LM phenotype needs to be considered for future investigations.
Materials and methods
Cell isolation and culture
Specimens of LM were obtained under a human subject protocol approved by the Committee on Clinical Investigation, Boston Children's Hospital. The clinical diagnosis was confirmed in the Department of Pathology at Boston Children's Hospital. Informed consent was obtained for the specimens, according to the Declaration of Helsinki. Single cell suspensions were prepared from the LM specimens by digesting with collagenase (Roche). Cells were seeded on fibronectin-coated tissue culture dishes in EGM2/20 % fetal bovine serum (FBS) (Lonza). When the cells reached 80 % confluency, they were purified with anti-CD31 conjugated magnetic beads (Dynal). When the CD31-positive cells were again subconfluent, they were reselected with anti-podoplanin antibody (Covance) followed by magnetic beads conjugated with anti-mouse IgG. Cells were analyzed for lymphatic endothelial cell markers and named lymphatic malformation-lymphatic endothelial cells (LM-LEC). LM-LEC at passage 6 were analyzed for karyotype and found to be normal 46, X,Y. Normal human dermal lymphatic endothelial cells (HD-LEC) were purchased from Lonza. Human umbilical cord endothelial colony forming cells (ECFC) were isolated as previously described [59, 60] . HUVECs were a kind gift from Dr. Tanya Mayadas, Vascular Research Division, Brigham and Women's Hospital. HD-LEC, ECFCs and HUVECs were cultured in the same conditions as LM-LECs.
qRT-PCR Total RNA was extracted using the RNeasy kit (Qiagen). cDNA was prepared using Superscript II enzyme (Invitrogen Corp.) and 2 lg total RNA. For real-time qPCR analysis, the DyNAmo Sybr-Green-based system (New England BioLabs) was used. Oligonucleotide primers are listed in Supplementary Table S1 . Reactions were run on a LightCycler (Roche Applied Science). Each experiment was done in triplicate and repeated two times.
DNA preparation for target capture DNA was extracted from the cultured LM-LECs and from frozen tissue using the QAIamp DNA Mini Kit (Qiagen). A genomic library was prepared from the LEC DNA as previously described [20] . Briefly, 3 lg of DNA was mechanically sheared into 100-200 basepair (bp) fragments. A unique 4 bp barcode was added to the ends of the DNA fragments. Following 16 cycles of PCR, the DNA was hybridized for 65 h to a custom-designed capture array (Agilent Technology 1 M SureSelect DNA Capture Array). The array contained the coding regions of 10 genes within the PI3K signaling pathway (AKT1, AKT2, AKT3, PIK3CA, PIK3CB, PIK3CG, PIK3R1, PIK3R2, PIK3R3, PTEN). Post-capture, another 17 cycles of PCR were performed. The samples were then sequenced by 100-bp paired-end sequencing on an Illimunia HiSeq2 sequencer (Illumina, Inc.).
DNA sequence analysis
Paired-end reads from the Illumina HiSeq2 were de-barcoded with Novo barcode (Novocraft Technologies) and aligned to the UCSC Human reference genome (GRCh37) using the Burrows-Wheeler Aligner (version 0.6.1). Pileup files were generated using SAMtools. Variants found in the 1,000 Genomes database, the NHLBI Exome Variant Server, or the Database of Common SNPs (dbSNP, build 132) were filtered out.
Mutation confirmation
Mutations were confirmed with Sanger sequencing and restriction enzyme digest. Sanger sequencing was performed by PCR amplification of the DNA around the mutation. In addition, both mutations changed the cut sites of unique enzymes. The PIK3CA p.H1047L base change removes a restriction site for BsaBI. The PIK3R3 base change creates a restriction site for BspCNI. DNA fragments were amplified by PCR and then inserted into a plasmid vector using the TOPO TA Cloning Kit (Life Technologies). One Shot TOP-10 chemically competent E. coli were transformed and colonies cultured. Enzyme digests were performed with DNA from individual colonies.
Immunocytochemistry LM-LECs, HD-LECs, HUVECs and cbECFCs were cultured until subconfluent, fixed with cold methanol, and stained with anti-CD31 (1:100, Dako), VE-Cadherin (1:100, Santa Cruz), COUPTFII (1:100, R&D Systems), Podoplanin (1:100, Covance), Prox1 (1:100, Angiobio), LYVE1 (1:100, Abcam), CD90 (1:100, BD Biosciences) and aSMA (1:1,000, Sigma). Cells were then incubated with FITC-labeled secondary antibody (1:200, Vector Laboratories) and nuclei counterstained with DAPI (Vector Laboratories).
Microscope image acquisition
Fluorescence images were taken with Leica TCS SP2 Acousto-Optical Beam Splitter confocal system equipped with DMIRE2 inverted microscope (Diode 405 nm, Argon 488 nm, HeNe 594 nm; Leica Microsystems), Leica Confocal Software Version 2.61, Build 1537. Images were taken at room temperature (about 20°C), and files always exported as 8 bit format.
Assays for in vitro cellular proliferation LEC proliferation was assessed after seeding the cells at 10 4 cell/cm 2 on 48-well plates. Following attachment (24 h), plating efficiency was determined, and cell number was determined after 24, 48, 72 and 96 h, using a Coulter Counter Ò (Beckman) or by manual cell counting with hemocytometer.
Spheroid-based lymphangiogenesis assay
Early passage LM-LECs and HD-LECs were suspended and aggregated overnight to form cellular spheroids (500 cells/spheroid). LEC spheroids were embedded into collagen gels and either left untreated or treated for 16 h with 250 ng/ml VEGF-C. Inhibitors were mixed with the collagen gel before polymerization, and images were taken after 16 h. In vitro angiogenesis was quantified by measuring the number of sprouts grown out of each spheroid using NIH ImageJ software. Ten to fifteen spheroids per experimental group were analyzed. Immunoblot Cells were lysed with RIPA buffer (Boston Bioproducts), containing a phosphatase inhibitor cocktail (Roche). Lysates were subjected to SDS-PAGE and transferred to Immobilon-P membrane. Membranes were incubated with antibodies against the following: VEGFR-3 (1:1,000, BD Bioscience), NRP2 and VE-Cadherin (both 1:500 Santa Cruz Biotech), phospho-AKT (Thr308), AKT, phospho-ERK, ERK (all in 1:1,000, Cell Signaling Technology), Tubulin (1:5,000, Sigma-Aldrich). Membranes were incubated with peroxidase-conjugated secondary antibodies (1:5,000, Vector Laboratories). Antigen-antibody complexes were visualized using ECL and chemiluminescent sensitive film (Pierce). Band intensity was analyzed with ImageJ software.
Inhibitors
The inhibitors used in this study were rapamycin at 1 and 10 nM (LC Laboratories), LY294 at 50 and 100 lM and Wortmannin at 1 and 10 lM (Sigma-Aldrich).
Statistical analysis
The data were expressed as mean ± SDM or mean ± SEM and analyzed by ANOVA followed by Student's t test where appropriate. Differences were considered significant at p values\0.05.
